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W/Z and diboson production at hadron colliders
Sara Bolognesi on behalf of ATLAS, CDF, CMS and D0 collaborations
Johns Hopkins University and CERN
A general review of the latest results about single and double vector boson production in the multipurpose
experiments at LHC [1] (ATLAS [2] and CMS [3]) and at Tevatron [4] (CDF [5] and D0 [6]) will be presented.
The review will focus on boson production, while a more detailed report about W and Z properties can be
found elsewhere [7]. Only leptonic decays into electrons and muons will be considered.
1. Introduction
In the complex environment of hadron colliders, W
and Z events with leptonic decays have a clear signa-
ture and the processes of boson production and decay
are relatively well known. For these reasons, they are
heavily exploited for detector commissioning in the
early stage of data taking. W and Z are also the
main handles to perform precision Standard Model
(SM) measurements which are important as input to
the Global Electroweak fit [8] and to constraint the
Parton Distribution Functions [9, 10]. At the present
hadron colliders the rate of single boson production is
huge: about 10 (3) Millions of W → lν are produced
per fb−1 in each experiment at LHC (Tevatron), the
rate for Z → ll events being about 1/10 of that. The
main challenge is the control of systematics in pres-
ence of pile-up events and given an initial state not
completely known.
Single boson production in association with jets
and diboson production are the main backgrounds for
most of the Higgs channel and generic New Physics
searches. It is of fundamental importance to control
these backgrounds with very good precision. They
also play a crucial role as benchmark test to estab-
lish the analysis techniques to search for Higgs and/or
New Physics.
After a brief review, in Section 2, about the bosons
signature and recent inclusive cross-section measure-
ments, Section 3 will focus on measurements sensitive
to higher perturbative αS orders (NLO, NNLO) in the
boson production process, like Z transverse momen-
tum (pT ) distribution and W/Z production in associ-
ation with jets (first measurements in association with
heavy-flavor jets will also be reported). The produc-
tion of a boson in association with a photon will be
reviewed in Section 4. Finally, latest measurements of
diboson production (WW ,WZ,ZZ) will be reported
in Section 5.
2. W and Z signatures and inclusive
cross sections
W (Z) events are characterized by the presence
of one (two) isolated lepton with relatively high pT ,
which is exploited to trigger the event on-line. In case
of W events, the undetected neutrino gives rise to an
unbalancing in the total transverse energy (Emiss
T
).
On top of this typical features, additional hadronic
activity due to pile-up and underlying event, as well
as hard jets due to NLO contributions, are present.
The W signal is usually extracted from a fit to the
Emiss
T
distribution (or the transverse mass distribu-
tion built with Emiss
T
and lepton pT ), while Z signal
is easily identifiable thanks to the invariant mass peak
of the two leptons. The main background is due to
QCD processes with one (or two) real leptons from
heavy-flavor decays and/or fake leptons. The QCD
background is rejected by requiring the leptons to be
well identified and isolated (i.e., far away from any
hadronic activity). The remaining QCD contamina-
tion is measured from control regions in data (e.g., an
anti-isolated sample), since its simulation with sim-
ple LO and Parton Shower (PS) Monte Carlo (MC)
is not reliable and the lepton fake rate is very much
dependent on the details of the detector. The remain-
ing background forW is due to Electroweak processes
(e.g., Z, double top, diboson, tau decays ofW ), where
part of the event is not reconstructed correctly or it
falls outside the detector acceptance. These processes
are relatively well known and their contribution is ex-
tracted from simulation.
An inclusive W and Z signal extraction has been
performed on the first data by CMS [11] and AT-
LAS [12]. The measured cross sections are in good
agreement with theoretical prediction at NNLO based
on recent parton distribution functions. With 35 pb−1
the statistical error is already negligible (few ‰).
With the exception of the luminosity uncertainty
(4%), the other experimental systematic uncertainties
(which are dominated by the Emiss
T
resolution and the
1
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lepton efficiencies) are lower (≃1%) than the theoret-
ical uncertainty (≤3%). Part of the theoretical er-
ror is due to higher perturbative orders (computations
are available up to QCD NNLO and EWK NLO) and
to Initial and Final State Radiation (ISR and FSR).
This theoretical uncertainty can be further investi-
gated with differential cross section measurements, as
will be shown in Section 3. The other contribution
to the theoretical uncertainty is due to PDF. On the
other hand, the argument can be reversed and the
cross section measurement inside the fiducial region
can be exploited to constrain further the PDF. Useful
measurements, in this regard, are the ratio between
W+ and W− cross sections and the rapidity distri-
bution of the bosons [12, 13, 14]. More details about
PDFs and the latest related measurements from LHC
and Tevatron can be found in [15].
3. Beyond Leading Order: transverse
momentum distribution and production
in association with jets
At LO the boson is produced with null pT while
at higher perturbative orders the boson gets boosted
recoiling against additional produced jets. More pre-
cisely, two pT regions may be identified: the low pT
region, which is dominated by non-perturbative ef-
fects and multiple soft gluon radiation and the high
pT region, dominated by hard gluon emission well de-
scribed by perturbative QCD. ATLAS and CMS have
measured the Z pT [13, 16] with 35 fb
−1, as shown in
Fig. 1. On the top the sensitivity to the Underlying
Event tune in the low pT region is shown, on the bot-
tom the comparison between data and various theoret-
ical prediction is shown. As can be seen, the NLO pre-
dictions (MC@NLO [17], POWHEG [18]) fail at high
pT while the NNLO prediction (ResBos [19]) shows
good agreement with data. Including also Next-to-
Next-to-Leading-Log resummation, ResBos is able to
describe the data down to very low pT . Another the-
oretical approach consists in describing the LO con-
tribution with Matrix Element at different jet multi-
plicities and matching this computation to a PS MC
for the description of the soft radiation. This match-
ing procedure is implemented in Alpgen [20], Mad-
graph [21] and Sherpa [22] which are able to describe
well the full boson pT spectrum, as well as, the jet
multiplicity.
Experimentally, the uncertainty on the pT measure-
ment is dominated by the lepton scale. To improve the
sensitivity, D0 has developed a new technique which
is based on the measurement of pure angular vari-
ables [23]: once identified the Z pT component most
sensitive to the production mechanism, this is divided
by the dilepton invariant mass to remove the depen-
dence on the energy scale. This analysis allows to
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Figure 7: The combined electron and muon measurement of the Z-boson transverse momentum
distribution (points) and the predictions of several PYTHIA tunes and POWHEG interfaced with
PYTHIA using the Z2 tune (histograms). The error bars on the points represent the sum of
the statistical and systematic uncertainties on the data. The lower portion of the figure shows
the difference between the data and the simulation predictions divided by the uncertainty
on the data. The green (inner) and yellow (outer) bands are the and experimental
uncertainties.
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Figure 4: Ratios of the combined data and various predictions over the Resbos prediction for the normalized differential cross section as
a function of : (a) F wz predictions at ) and ); (b) predictions from the generators Pythia Mc nlo Powheg Alpgen and
Sherpa. The Fewz predictions are shown with combined scale, , and PDF uncertainties. The data points are shown with combined
statistical and systematic uncertainty. At low the ) and ) predictions of Fewz diverge and are omitted.
Figure 1: Z transverse momentum distribution. Top: low
transverse momentum region measured by CMS
compared to s veral Pythia tunes (the green and yellow
bands are 1σ and 2σ experiment l uncer ainty). Bottom:
ATLAS Z transverse momentum measurement compared
with various theoretical predictions (data points are
shown with combined statistical and systematic
uncertainty).
reach the maximum sensitivity with minimal experi-
mental systematic uncertainty. The results are shown
1
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FIG. 2: (color online) Corrected distributions of (1/σ dσ/dφ ) for dimuon events with (a) 1 and (b) 1 2;
and dielectron events with (c) 1, (d) 1 2 and (e) 2. The larger plots show the restricted range
< φ 34 and the insets show the full range of . The predictions from ResBos are shown as the red histogram and
from ResBos with small- broadening as the black histogram [which is visible principally in (e)].
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FIG. 3: (color online) Ratio of the corrected distributions of (1/σ dσ/dφ ) to ResBos for: (a) 1, (b) 1
and (c) 2. Statistical and systematic uncertainties are combined in quadrature. In (a) and (b) a for the comparison
of the dielectron and dimuon data, ee/µµ , is calculated assuming uncorrelated uncertainties. The yellow band around the
ResBos prediction represents the quadrature sum of uncertainty due to PDFs (evaluated using the CTEQ6.6 NLO error
PDFs [14]) and the uncertainty due to the QCD scale (evaluated by varying the factorization and renormalization scales
simultaneously by a factor of two). Also shown are the changes to the ResBos predictions when is set to 0.66 (dotted
blue line) and when the small- broadening option is enabled (solid black line).
Figure 2: Angular variable which is most sensitive to the Z transverse momentum as measured by D0 in different Z
rapidity regions. Statistical and systematic uncertainties are combined in quadrature. In the common acceptance
region for electrons and muons a χ2 estimating the agreement between the measurements in the two channels is
calculated assuming uncorrelated unc rtainties. Measurements are compared with ResBos prediction (g2 is a parameter
of the MC which controls a non-perturbative form factor and “small-x” refers to an increase of this form factor for
x < 10−2, where x is the parton momentum fraction).The yellow band around the ResBos prediction represents the
quadrature sum of uncertainty due to PDFs and the uncertainty due to the QCD scale.
in Fig. 2: interesting discrepancies with respect to
ResBos prediction are visible.
Measurement of additional jets recoiling against the
boson is, instead, a direct probe of the higher pertur-
bative orders but at the expense of much higher sys-
tematics uncertainties related with jet reconstruction
(mainly due to jet energy scale and pile-up removal).
LHC experiments have already acquired a very good
control of these uncertainties, as can be seen in the
measurement [24] shown in Fig. 3, allowing a first
successful test of ME-PS matching tools in contrast
with the failing predictions from pure PS MC. The
high statistics available at LHC allowed to reach high
jet multiplicity and to perform differential measure-
ments. On the other hand measurements at low jet
pT are still limited by systematic uncertainties, even
at Tevatron [25, 26]. Again, focusing on angular vari-
ables garantees to keep the experimental uncertainty
much smaller than the theoretical uncertainty [27].
Another way to minimize the experimental systematic
uncertainties is to measure ratios between rates [28],
as can be seen in Fig. 4. This approach has the ad-
vantage that also many of the theoretical uncertainties
cancel out, therefore any deviation from the expected
behavior is a direct hint of New Physics.
For similar reasons, the measurement of boson pro-
duction in association with heavy-flavor jets is usually
reported as ratio with respect to the flavor-inclusive
measurement, such that the only remaining system-
atic error comes from the heavy-flavor tagging. The
estimation of b-tag efficiency and fake rate are ex-
tracted from data and the level of control of these
systematic uncertainties at LHC is already very good,
allowing to perform first measurement of Z+b [29, 30],
W + b [31] and W + c [32]. These measurement are
particularly interesting to constraint PDF for non-
valence quarks (respectively, b and s quarks). More-
over they constitute an important background, as well
as benchmark analyses, for Higgs searches in SM chan-
nels like ZH → llbb or SuperSymmetric channels like
φbb. This interest motivates also recent measurements
performed at Tevatron [33, 34, 35, 36].
4. Single vector boson production in
association with a photon
The production of a boson in association with a
photon may come through ISR or FSR or through
Triple Gauge Coupling (TGC), the ZZγ and Zγγ ver-
texes being null at LO in SM. This last contribution
is the most interesting one for a stringent test of SM.
The photon is reconstructed as an isolated deposit
1
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Figure 2: jets cross section results as a function of corrected jet multiplicity. Left: electron channel.
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igure 3: W+jets cross section results from ATLAS as a
function of jet multiplicity in lectron channel. For the
data, the statistical uncertainties are shown by the
vertical bars and the combined statistical and systematic
uncertainties are shown by the black-hashed regions.
Several theoretical predictions are compared. The
theoretical uncertainties are shown only for MCFM
(NLO prediction for Njet ≤ 2 and a LO prediction for
Njet = 3) and BLACKHAT-SHERPA (NLO prediction
for Njet ≤ 3 and LO prediction for Njet = 4).
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to exclusive jet multiplicity bins (inclusive for 4), and the corrected yields are fitted with
the assumption that they conform to a scaling function:
, (1)
where jets , and is a constant. Previous measurements have shown that the
Berends-Giele ratio can be approximately constant [7, 9, 41]. Phase-space effects, however, can
violate this simple proportionality. Therefore we introduce a second parameter, , to allow for
a deviation from a constant scaling law:
. (2)
Because of the different production kinematics of the 0 sample, where no reconstructed387
jets recoil against the vector boson, the scaling expressed in Eq. (2) is not expected to hold,388
so we do not include the 0 sample in the fit. The results of the fit for and from the389
jets and Z jets samples are shown in Fig. 16. The values are given in the plane390
and are compared with expectations from MAD RAPH with the Z2 tune for the underlying391
event description. Generator results are obtained at the particle jet level for events within392
the lepton and jet acceptance of the selection. The electron and muon expected values differ393
mostly because of the 0.3 requirement between the jets and the leptons, which is applied394
only in the electron channel. The ellipses correspond to 68% confidence level contours using395
the statistical uncertainty only. The arrows show the displacement of the central value when396
varying each indicated parameter by its estimated uncertainty. The fit results are also reported397
in Tables 9 and 10. The data are in agreement with expectations within one or two standard398
deviations depending on the channel. Furthermore, the Berends–Giele scaling hypothesis i.e.,399
the relationship shown in Eq. (1), is confirmed to work well up to the production of four jets.400
The parameter lies within one standard deviation from zero for the W jets case and within401
0.5 standard deviations for the Z jets case.402
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The rate of jet production in association with a W or Z boson was measured in pp collisions404
at 7 TeV. The data were collected with the CMS detector in 2010 and correspond to an405
Figure 4: W charge asymmetry W
+
−W
−
W++W−
as a functio of
jet multiplicity measured by CMS in the muon channel.
Data are compared to Madgraph and Pythia simulation.
Error bars are shown for the statistical only (black) and
total uncertainty (gray).
in the electromagnetic calorimeter with the expected
showering shape and no track associated. Usually
photons of low transverse energy (< 10 GeV) and near
to a lepton are rejected to avoid the divergence of the
LO cross section. Moreover, photons are required to
be isolated to remove the ones coming from hadron
fragmentation. Measurement done at LHC [37, 38]
and Tevatron [39, 40] are in good agreement with SM
expectations, as can be seen, for instance, in Fig. 5.
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Figure 2: Transverse energy distribution for the photon candidates for W production. Data
are shown with black circles with error bars; expected signal plus background is shown as
a black solid histogram; the contribution from misidentified jets is ive as a hatched blue
histogram, and the background from jets, tt, and multiboson processes is given as a solid
green histogram. A typical aTGC signal is given as a red dot-and-line histogram. The last bin
includes overflows. Entries in wider bins are normalized to the ratio of 10 GeV and the bin
width.
and found to be 7.7 0.5 and 16.4 1.0 for W νγ and W µνγ, respectively. A larger171
contribution from Z ba kground in the muon cha nel is due to a smaller pseudorapidity172
coverage for muons, thus increasing the probability for one of the Z decay muons to be lost,173
which results also in an overestimated value of the measured missing energy in such events174
as the lost muon cannot be taken into account in the miss determination. The W τνγ175
production, with subsequent νν decay, also contributes at the few percent level to the176
νγ and µνγ final states. We rely on MC simulation to estimate this contribution. The177
distribution for photon candidates in events passing the full W selection is given in Fig. 2.178
The three tree-level W production processes interfere with each other, resulting in a radiation-179
amplitude zero (RAZ) in the angular distribution of the photon [30–34]. The first evidence for180
RAZ in W production was observed by the D0 collaboration [10] using the charge-signed181
rapidity difference between the photon candidate and the charged lepton candidate182
from the boson decay [35]. In the SM, the location of the dip minimum is located at183
0 for pp collisions. Anomalous W production can result in a flat distribution of the184
charge-signed rapidity difference.185
In Fig. 3 we plot the charge-signed rapidity difference in background-subtracted data with186
an additional requirement on the transverse mass of the photon, lepton, and miss to exceed 90187
GeV, to reduce the contribution from FSR W production. The agreement between background-188
subtracted data and MC prediction is reasonable, with a Kolmogorov-Smirnov test [36, 37]189
Figure 5: Transverse energy distribution for the photon
cand dat s for Wγ pro uction: CMS d a are c mpared
to MC expectations. A typical aTGC sig al is given as a
red dot-and-line histogram. The last bin includes
overflows. Entries in wider bins are normalized to the
ratio of 10 GeV and the bin width.
5. Diboson produ tio
The production of a couple of vector bosons (V V =
WW ,ZZ,ZW ) may happen at LO from qq initial state
through exchange of a quark into t-channel or through
TGC. Again, since the TGC is completely fixed by the
Electroweak gauge structure f the theory, any devi-
ation from SM expectations in the VV spectrum is a
direct hint of New Physics in the gauge bosons sector.
At NLO also the VV production from gg initial state
through a quark box is allowed. he contribution is
only a few % but with larg (∼ 50%) the retical un-
certainty. The precise knowledge of VV production is
very much relevant since this is the main irreducible
background to Higgs production at high mass. The
VV analyses are ther fore benchmark tests to estab-
lish the Higgs search techniques in this region.
Considering the fully leptonic final states, the high-
est production rate is in the channel WW → lνlν.
This is a complex analysis since no mass peak is avail-
able and many differe t backgrounds need to be sub-
tracted. The smallest contributions come from other
diboson final states and are estimated from simula-
tion. The highest backgrounds are W+jets, top and
1
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Drell-Yan processes which may be rejected, respec-
tively, by the tight lepton quality requirements, by
the (b-)jet veto and by requiring large Emiss
T
. The
remaining contributions from these processes are esti-
mated from data in control regions. It is mandatory to
have a good control on jet veto and leptonic efficiency
and on Emiss
T
uncertainty to keep the systematic un-
certainties on signal acceptance low. This objective
has been reached at LHC, as can be seen by the very
good agreement of data and MC in Fig. 6, and the
measured WW cross section [41, 42] is in good agree-
ment with NLO expectations.
Figure 2: The invariant mass distributions for ee (left) and µµ (right) di-lepton final states. The points
represent data and the stacked histograms are the MC predictions, which are normalized to 1.02 fb
using SM cross sections. Below ea h distribution the data/MC ratio in each bin is shown, with the error
bars indicating the data statistics.
Figure 3: missRel distributions for the selected ee µµ and samples after the mass veto cut.
applying the jet-veto requirement. Figure shows that the majority of the signal is in the zero-jet
bin of the jet multiplicity distribution, while the top events populate the higher jet multiplicity bins.
Table shows the numbers of candidates remaining after the various event selection criteria
are applied. After all the selection criteria are applied to the di-lepton samples, 414 candidate
events remain: 74 in the ee channel, 97 in the µµ channel, and 243 in the channel.
7 Signal acceptance
The signal acceptance is one of the key ingredients for determining the cross section. Deter-
mining this acceptance relies on detailed MC signal modeling and event selection efficiency corrections
using control data samples, as described in previous sections. These corrections differ by at most a
few percent from unity, indicating the inherent accuracy of the simulation. Detailed information on the
event selection acceptance is provided below.
Table shows the number of MC events passing each selection cut for the three di-lepton
channels. The MC events shown in the table are normalized to 1.02 fb using the SM production
Figure 6: Missing transverse energy distributions in
ATLAS dimuon events selected for WW analysis.
Similar results have been obtained at LHC for
WZ → lνll cross section measurements [42, 43]. This
final state is basically background free and it is par-
ticularly interesting since, being charged, is accessi-
ble only at hadron colliders. Recent measurement
has been performed by Tevatron with very sophisti-
cated analysis echniques. While he expected cross-
section at Tevatron is 6 times smaller than LHC, D0
has been able to keep the signal statistics at half of
the LHC results [44]. Moreover, while at LHC di-
boson analyses are, for now, mainly based on simple
cut-and-count techniques, CDF, for instance, uses a
shape analysis with a fit to a Neural Network out-
put to extract the WZ cross-section [45]. Tevatron
experiments have also measured semileptonic final
states like WW/WZ → lνjj [46] and WZ/ZZ →
lν/ννbb [47, 48] which have a huge background com-
ing from W/Z+jets. Again, to boost the sensitivity
CDF and D0 exploit sophisticated analysis strategies
like, ME methods, Boosted Decision Trees and Neural
Networks. All the results are in agreement with NLO
expectations.
Finally the final state with the lowest statistics but
also the smallest background is ZZ → 4l. This chan-
nel is the most powerful one for the Higgs search
at intermediate and high mass. At this moment
LHC and Tevatron experiments each expect of order
10 ZZ events from electroweak continuum [42, 49].
The results are in agreement with NLO expectations
and strongly limited by the statistical uncertainty (∼
30%). The most precise measurement of ZZ cross sec-
tion [50] comes from the combination of 4l and 2l2ν
final states done at D0. CDF has also looked to the
semileptonic final state 2l2j as well as the 2l2ν final
state [51] where the signal is overwhelmed by the huge
Z+jets process.
In Table I a list of the recent VV cross section mea-
surement from the different experiments is reported.
6. Conclusions
The latest results from Tevatron and LHC for sin-
gle vector boson production, also in association with
jets or with a photon, and for double vector boson
production have been reviewed.
Tevatron experiments have today analyzed almost
all the statistics available (usually the analyses rely on
5-7 fb−1, while of the order of 10 fb−1 are available),
CDF and D0 have the best possible control of the
experimental uncertainties and results are extracted
with the most innovative techniques (angular analy-
ses, ME methods, etc.).
LHC has just released the first set of results: the
single boson measurement, even in association with
jets or photon, are based on 35 pb−1, while the dibo-
son analyses exploit 1 fb−1. Today ∼5 fb−1 are avail-
able for analysis and at least twice of that statistics
is expected for next year. The control of systematic
uncertainties is already at very good level and room
for improvement is still available.
The W and Z measurements described in this re-
port are paving the road to the Higgs or New Physics
discovery in the VV scattering spectrum.
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